Topochemical detection of lignin and phenolic compounds was carried out at subcellular level in tension wood fibres of maple (Acer spp.), beech (Fagus sylvatica) and oak (Quercus robur) by means of cellular UV-microspectrophotometry (UMSP) and confocal Raman microscopy. UMSP field scans at 278 nm revealed the presence of aromatic compounds in the gelatinous layer (G-layer) in tension wood of all three species. Characterisation of the detected substances by point measurements from 240 nm to 400 nm revealed a plausible relationship to by-products from the lignin biosynthesis pathway. Raman spectra, recorded from different regions within the G-layer, showed a high affinity to spectra of lignins. The degree of aromatic compounds in the G-layer of oak tension wood fibres was approximately three-fold higher than that in maple and beech. Moreover, the oak G-layer showed an accumulation of aromatic compounds towards the cell lumen up to 50% higher than that detected in the secondary cell wall. UMSP and Raman microscopy are considered valuable complementary methods for topochemical investigation on a subcellular level.
Introduction
Tension wood (TW) formation in deciduous trees is a reaction to mechanical tensile stresses on the upper side of branches or inclined stems (Bamber 2001; Clair et al. 2005) . Local structural and chemical variations of reaction wood in commercial species motivated investigations of its properties. During technical processing, TW causes woolly surfaces. It alters the mechanical properties of wood and can result in economic loss in production and commerce (Wood Handbook 1999) .
As a response to axial tension forces, TW fibres, which support the tree by controlling the orientation of the growth axis, differentiate from the cambium. Formation of TW is normally associated with eccentric growth and wider growth rings on the TW side. It can be found in discontinuous concentric bands over several growth rings or in irregular scattered agglomerations (Dadswell and Wardrop 1955) . Morphology and chemical composition of TW differ markedly from normal wood. Average density is higher and the vessels show a marked reduction in number and size in comparison to normal wood (Dadswell and Wardrop 1955) . In many species -such as beech, maple and oak -TW fibres produce a socalled gelatinous layer (G-layer) . However, variations in TW cell wall morphology have been observed. The G-layer is variously described as filling the cell lumen, as being attached to the S3 (S1qS2qS3qGL), as replacing the S3 layer (S1qS2qGL) or as partly or entirely substituting the S2 layer (S1qGL) (Dadswell and Wardrop 1955) . The chemical and mechanical properties of the G-layer are commonly considered important for the compensation of axial tensile growth stresses.
Axial orientation of the microfibrils and high crystallinity of cellulose fibrils in the G-layer are always observed in areas of increased tensile forces (Coté and Day 1965; Yamamoto et al. 1997; Yoshizawa et al. 2000; Mü ller et al. 2006) . The G-layer is known to consist of almost pure high-crystalline cellulose (Norberg and Meier 1966; Keunecke and Baum 2004) . Due to the high concentration of cellulose in the voluminous G-layer, the percentage of lignin and hemicelluloses decreases in TW tissue. The G-layer is recognised as highly cellulosic material in light microscopy by staining with Astrablue.
The first indication that the G-layer may consist of more than pure cellulose was detected by Casperson (1967) by electron microscopy in TW tissue of Quercus robur. Concentric and diffuse incrustations of dark contrasting substances in the G-layer were interpreted by the author as lignin depositions. Applying UV-microscopy, Scurfield and Wardrop (1963) revealed a slight lignification of the G-layer in the transition zone between normal wood and TW of Lophostemon confertus. Yoshida et al. (2002a) analysed the topochemical composition of TW in Robinia pseudoacacia with UV-microspectrophotometry (UMSP) and reported traces of lignification in the G-layer. Recent studies with immunolabelling techniques (Joseleau et al. 2004; Pilate et al. 2004; Ruel 2004) confirmed the presence of enzymes of lignin biosynthesis in the G-layer of Populus spp. Gierlinger and Schwanninger (2006) applied Raman microscopy to TW of Populus nigra=Populus deltoides and found aromatic compounds in the G-layer which were interpreted by the authors as slight incrustations of lignin. Rö der et al. (2004) found similar results during their studies on the topochemical composition of Fagus sylvatica wood by combining cellular UMSP and Raman microscopy at the subcellular level.
In the present study, the topochemical composition of the G-layer was also investigated with UMSP and Raman microscopy. The search for aromatic compounds in the G-layer of TW fibres in maple (Acer spp.), beech (F. sylvatica) and oak (Q. robur) was explored.
Material and methods
The species investigated were chosen because they are of industrial importance. TW from a wide range of different materials (branch and stem wood, fresh and dry material) was included in the investigations.
Samples of maple (Acer spp.) containing TW were extracted at different stages of musical instrument production. From this material (fresh and dry), samples including more than five annual growth rings were selected for topochemical investigations. Samples were also taken from fresh disks of beech stem wood (F. sylvatica, Figure 1 ) and from disks of branches of living oak trees (Q. robur). Strips including the pith were prepared from the entire diameter of the disks to study the topochemical distribution of lignin and aromatic compounds in TW and opposite wood (Table 1) .
Light microscopy
For light microscopic identification and characterisation of TW, thin cross-sections (12 mm) were cut with a sliding microtome from cubes of 10=10=10 mm 3 . To distinguish between normal wood and TW, the sections were stained with 0.5% Astrablue for 5 min (Gerlach 1977) . After rinsing in distilled water and dehydrating through an ethanol series (20-100%), sections were embedded in Euparal on glass microscope slides.
A digital camera DP70 (Olympus) was used to take photomicrographs of the sections with an Olympus BX51 light and fluorescence microscope at magnifications between 20= and 600=. Editing of the photomicrographs was carried out with the software ''AnalySIS ᮋ '' (Olympus Soft Imaging Solutions) in raw format (TIFF) of 3070=4070 pixel and 455=455 dpi.
Cellular UV-microspectrophotometry
For cellular UMSP analyses, small blocks of 2=2=5 mm 3 were extracted from the wood tissue in which the presence of TW had been identified by light microscopy. Controls were taken from opposite wood. In all cases, five replicates were made. The specimens were prepared using epoxy resin as embedding medium (Spurr 1969) , as described by Kleist and Schmitt (1999) .
After trimming the embedded specimens, 1 mm sections were cut with an ultramicrotome Ultracut E (Reichert-Jung) equipped with a diamond knife. The sections were transferred to quartz glass slides and thermally fixed at 708C.
The topochemical analyses were carried out with a UMSP 80 microspectrophotometer (Zeiss) equipped with a scanning stage enabling the examination of image profiles at a constant wavelength of 278 nm (the absorbance maximum of hardwood lignin) (Koch and Kleist 2001) . For the field scans, areas of 20=20 mm 2 were scanned line by line with a spot size of 0.25 mm 2 using ''Apamos ᮋ '' software (Zeiss). After conversion into 14 different colours corresponding to 14 classes of absorbance intensities, the local distribution of aromatic compounds was topochemically displayed in two dimensional images, including a statistical evaluation of the UV absorbance values in the form of a histogram. For a better visualisation of the very low absorbances in the G-layer of TW fibres, the display sensitivity was increased by selective adjustment of the 14 absorbance classes.
The photometric characterisation of individual cell wall layers was carried out by point measurements in the range between 240 nm and 400 nm (1 nm steps) and a spot size of 1 mm 2 (software used was ''Lamwin ᮋ '', Zeiss). For the UMSP field scans, a 32= objective (0.9 NA) was used and for point measurement, a 100= objective (1.25 NA) was used. For quantitative studies, 15 spectra were selected from the relevant TW and normal wood cell wall layers.
Confocal cellular Raman microscopy
For confocal Raman microscopy (CRM), cubes of 10=10=10 mm 3 were prepared from the same locality as for the UMSP investigations. Sections of unembedded material, and transferred to glass slides, mounted in water and sealed under cover slips with nail varnish to prevent evaporation.
Spectra were produced by means of a CRM instrument (CRM 200, Witec) equipped with a piezo-scan-unit P-500 (Physik Instrumente) with a step width of 3 nm in the x-y direction and 10 nm in the z-direction. A polarised diode-pumped green laser (CrystaLaser) with a wavelength of 532 nm was used, and measurements were carried out with a 100= objective (1.25 NA) with a diffraction limited spot size (0.6l/NA). The scattered light was detected by an air-cooled, back illuminated spectroscopic CCD (ANDOR) behind a grating (600 g mm -1 ) spectrograph (ACTON) with a resolution of 6 cm -1 . The laser power on the sample was approximately 5 mW. Measurement setup, data management and image processing were carried out with the software ''ScanCtrlSpectroscopyPlus ᮋ '' (Witec). For the mapping, areas of 30=30 mm 2 (beech, oak) and 40=40 mm 2 (maple) were selected within the TW region and mapped with an integration time of 2 s in 0.25 mm steps.
Different chemical images were generated by means of a cosmic ray removal filter, and then sum filters of the software were applied for integrating defined regions in the wood spectra. Within the chosen areas, the sum filter calculates the intensities and the background is subtracted by taking the baseline from the first to the second border. Within the chemical images, defined areas of interest could be marked and average spectra were calculated for a detailed analysis (example of selected areas are presented in Figure 7a ). The calculated average spectra were baseline corrected, smoothed (9 points; Figure 7b 
Results and discussion
Light microscopy TW can easily be identified and visualised by light microscopy and staining with Astrablue. Maple, beech and oak all show pronounced formation of TW in the earlywood areas of annual rings (Figure 2) . No TW was observed in the opposite wood of the studied material. TW fibres were also found in the latewood of oak. The formation of a G-layer can be clearly observed in all three species, though there are notable differences in morphology. In TW fibres of oak, a thick G-layer almost fills up the entire lumen, whereas in maple and beech the G-layer is thinner, partly delaminated from the adjacent S2 and folded into the lumen as a result of sample preparation with the microtome. Wagenfü hr (1966) describes the anatomical variations of tissues from branches, stems and roots. Wood density of branch wood is up to 25% higher than in stem wood due to shorter fibres with thicker cell walls and a reduced vessel diameter. These morphological differences must be considered during evaluation of data from the present analysis, especially with reference to branch wood of oak.
Cellular UV microspectrophotometry
Field scan The topochemical analysis of fibres in normal and TW reveals the distribution of lignin and aromatic compounds within the different cell wall layers at a wavelength of 278 nm and a resolution of 0.25 mm 2 per pixel (Figure 3) . The UMSP images for TW fibres of all three species show significantly lower absorbances in the compound middle lamella (CML TW , abs 278 0.16-0.26) than in opposite wood (CML OW , abs 278 0.36-0.48). Furthermore, the secondary walls of TW are thinner and characterised by significantly lower absorbances (S TW , abs 278 0.05-0.15) than in opposite wood (S OW , abs 278 0.09-0.35). The degree of lignification in TW is reduced due to a lesser incrustation of lignin into the CML and the secondary wall.
UV-spectroscopic investigations on R. pseudoacacia and Liriodendron tulipifera reported by Yoshida et al. (2002a,b) yielded similar results. The authors discussed a close connection between the occurrence of decreased lignification in the secondary wall and the presence of tensile stresses in TW. Contrary to the results obtained in the present study, Timell (1969) describes the CML and secondary wall in TW as normally lignified.
The absorbance intensities of the G-layer in the three analysed species differ locally. The commonly thinner G-layers of beech and maple reveal very low, yet detectable local absorbance intensities in the range of abs 278 0.01-0.03. Slightly higher absorbances are evident for the G-layer formed in branch wood of oak with abs 278 0.01-0.1 (Table 2) . Local spots or concentric rings of higher absorbances are detectable which indicate the deposition of aromatic compounds. Yoshida et al. (2002a) found local absorbances in the G-layer of TW fibres in R. pseudoacacia (abs 278 0.03-0.06) and interpreted these as partial lignification of the G-layer. The range of values corresponds well to those obtained by the present investigation. Scurfield and Wardrop (1963) also describe a partial incrustation with lignin of the G-layer of TW fibres in Grevillea robusta and Hakea laurin. The authors demonstrate that a higher amount of lignin is deposited in the G-layer of latewood than in earlywood TW fibres. The visualisation of line profiles over the cross-section of TW fibres is helpful for the localisation of absorbance deviations within different cell wall layers. Accordingly, the absorbance of an individual scanning point is plotted against the location on the x-axis of scan direction (Figure 3 ) and the peaks in CML, secondary wall and G-layer (Figure 3, arrows) are readily visible. A semiquantitative evaluation of local absorbances shows that the G-layer of maple and beech contains aromatic compounds in a range from 8% to 25% based on the concentration level of CML, and up to 50% of that in the secondary wall. On the other hand, the UV active compounds in the G-layers of oak shows higher local absorbances, which is between 40% and 50% of those in the CML. In local areas of the G-layer, absorbances reach almost the same level as in the secondary wall (71-90%).
Point measurements Supplementary point measurements were carried out for a qualitative analysis in selected areas of high absorbance intensities. Figure 4 displays a comparison of spectra between 240 nm and 400 nm for the G-layer in TW fibres of beech and for different cell wall layers in opposite wood (OW).
The spectra of the OW CML and secondary wall of opposite wood (OW S2) show the typical UV spectra of lignified cell wall layers in hardwoods, with a characteristic maximum at 278 nm (Fergus and Goring 1970; Takabe et al. 1992; Koch et al. 2003) . The representative spectra of the TW G-layer reveal a similar profile at a distinctly lower absorbance level. The aromatic compounds in the G-layer are characterised by much lower absorbances (TW abs 278 0.06-0.07), with a corresponding maximum at 278 nm than the lignified cell wall layers in opposite wood (OW abs 278 0.22 and 0.32). The detected aromatic compounds in the G-layer of beech TW fibres are probably related to chemical substances from the lignin biosynthesis pathway.
The representative illustration of spectra obtained from individual cell wall layers of oak branch tissue ( Figure 5 ) reveals a different trend.
The spectra of the TW G-layer display two maxima, one at 268 nm and a second at 295 nm ( Figure 5,  arrows) . Generally, the two maxima (abs 268 0.07 and abs 295 0.09) have lower intensities than those of the S2 and CML in OW (abs 278 0.18 and 0.39, respectively). The bathochromic shift of the first maximum towards a lower wavelength of 268 nm can be explained by a likely change in the syringyl/guaiacyl ratio (Koch and Kleist 2001) . A higher syringyl content causes a shift towards a lower wavelength (Yoshida et al. 2002b; Koch and Grü nwald 2004) . The biosynthesis of lignin with a higher ratio of syringyl units in TW tissue and a corresponding change in the UV spectrum towards lower wavelengths has also been described for R. pseudoacacia (Yoshida et al. 2002a) , L. tulipifera (Yoshida et al. 2002b) and Populus spp. (Habrant et al. 2003) . Pilate et al. (2004) also found evidence for a higher syringyl/guaiacyl-ratio and a slight incrustation of the G-layer of TW fibres with syringyl units.
The shift to higher wavelengths of locally detected compounds in the G-layers of oak can be explained by the increased presence of conjugated double bounds, such as carbonyl and/or carboxyl groups in the deposits (Bö cker 1997; Koch et al. 2003) . The spectral characteristics of the detected compounds may also be due to the occurrence of catechin derivates as revealed by a homologous curve (Weißmann et al. 1989; Koch 2004) . Originating from the biosynthesis pathways during cell wall Figure 6 Raman images of Quercus robur (a-c) and Acer sp. (d-f) of tension wood cross-sections calculated by integrating over defined wave number areas from 2777 cm -1 to 3013 cm -1 (a, d; all components to visualise the overall structure) and from 1541 cm -1 to 1705 cm -1 to follow lignification (b, c, e, f). To enhance the differences and smaller amounts within the G-layer, a two-cycle scaling was used (c, f). Based on these images, average spectra were recorded from the secondary cell wall (S), G-layer (G), the more lignified innermost part of the G-layer (Gin) and the cell corners (CC). synthesis, the catechin derivates are transported from the lumen through the different cell wall layers to the location of incrustation (Seigler 1995) . It can be hypothesised that during this transport small quantities of catechin derivates are deposited in the G-layer with the possible objective to increase the resistance against fungal attack.
Confocal Raman microscopy
Lignification in the TW fibres was verified by Raman imaging and analysis of averaged Raman spectra. By integration of the region from 3007 to 2771 cm -1 comprising CH, CH 2 and CH 3 , stretching vibrations present in carbohydrates and lignins (Agarwal and Ralph 1997) , the overall structures can be visualised (Figure 6a,d) . In oak (Figure 6a ), the secondary cell wall (S) is very thin and the G-layer (G) almost fills the lumen, whereas in maple (Figure 6d ) the G-layer is very thin, detached and absent in some cases. Integration of lignin-assigned bands from 1699 to 1536 cm -1 (Figure 6b ,e) emphasise the strongly lignified cell corners (CC) and CML. The G-layer in all three species shows no or only very low intensity in the respective Raman images. By presenting the same result with a two-cycle scaling, the low content of aromatic compounds in the G-layer and an accumulation in the innermost part (Gin) is evident in oak (Figure 6c ), but not in maple (Figure 6f) .
Recording average spectra of the G-layer, i.e., from the middle (G) and from the Gin, and comparing them with spectra from the S and CC, reveals big differences in lignin content (Figure 7a ). In the CC, a much stronger fluorescence (elevated background) is observed due to the high lignin content. The CC spectrum shows only lignin-assigned bands, e.g., the C-H stretch in OCH 3 at 2942 cm -1 , the aryl ring stretching at 1595 cm -1 and the aliphatic O-H bending at 1329 cm -1 (Agarwal 1999) , indicating an almost pure lignin composition of the CC. Spectra from the CML were not extracted as its width is smaller than 0.25 mm and therefore impurities from the adjacent S cannot be avoided. In the S and G-layer spectra, all lignin bands were still present with additional carbohydrate-assigned bands, e.g., C-O-C stretching at 1118 cm -1 and 1094 cm -1 (Edwards et al. 1997 ). There are large differences in degree of lignification within the cell wall layers (Figure 7b,d) . It is readily visible by examining the region, which comprises the most characteristic lignin bands, at higher resolution and by moving the spectra on one baseline. The detailed analysis of the G-layer in maple revealed that at least in some locations weak lignin bands are present in the spectra ( Figure  7d ,e), though not strong enough to be visualised in the imaging approach. In the species examined, lignification of the S was approximately 20% of that found in the CC, whereas in the G-layer it differed for both species from approximately 8% in oak and from not detectable to 2% in maple. In the innermost part of oak (Gin), the lignin amount reached approximately 24% of the CC and 50% of the S. Thus, the results of the topochemical UMSP studies, namely the higher lignification in TW of oak (as compared to maple and beech) and the observed differences within the G-layer, could be confirmed by Raman spectroscopy.
To observe differences in the chemical composition of lignin, spectra were normalised at the aryl stretching band at 1595 cm -1 (Figure 7c , oak; Figure 7e , maple). In both species, the CC spectra differed clearly from all others by showing a more pronounced shoulder at 1627 cm -1 (conjugated carbonyl groups; Kihara et al. 2002) and by a lower intensity band at 1668 cm -1 (a,b unsaturated bonds; Kihara et al. 2002) compared to the aryl stretching band at 1595 cm -1
. G-layer spectra of oak were similar to the S spectrum, indicating a ''true'' lignification in the G-layer, especially in the innermost part, as already shown for TW of poplar (Gierlinger and Schwanninger 2006) . In the S and G-layer spectra, the maximum of the unsaturated bonds is shifted to 1659 cm -1 and was higher than in the aryl stretching band, especially in the G-spectra with lower lignification (G oak, Figure 7c ; G maple, Figure 7e) .
Spectra of maple and beech have to be interpreted with care due to the very low UV intensity in the G-layer. In any case, the increase in unsaturated bonds is confirmed in the well resolved oak spectra and this finding might not be interpreted only as changes in lignin structure; the UMSP study also indicates the presence of extractives. The guaiacyl and syringyl ratio can be derived from the aryl stretching band (Takayama et al. 1997) . At first sight, no change in shape and position is perceptible (Figure 7c,e) . Nevertheless, by resolving the broad band through band fitting (data not shown), a slight increase of syringyl units in the G-layer can be inferred.
To gain further insight into the detailed chemistry of the aromatic substances in the G-layer, further investigations will be required, which should include extraction of the wood sections to exclude interferences with extractives. Selective reduction of the cell wall, e.g., with NaBH 4 , would also contribute to the elucidation of the chemical nature of the incrustations.
Conclusions
High resolution UMSP and Raman microscopy at the subcellular level are feasible methods by which the presence of aromatic compounds in the G-layer of maple (Acer spp.), beech (F. sylvatica) and oak (Q. robur) TW fibres can be detected. However, the structure of the aromatic compounds detected cannot be elucidated exclusively based on these methods. Further investigations with selective chemical analysis would be desirable for a more secure and reliable description of these chemical structures.
Supplementary investigations with confocal cellular Raman spectroscopy were very useful. The presence of greater amounts of aromatic compounds in the G-layer of oak, compared to the concentration found in the G-layer of maple and beech could be confirmed. Moreover, a higher degree of aromatic compounds in the innermost part of the G-layer of oak was confirmed. In summary, both methods deliver supplementary results for studies of the topochemical composition of the lignified cell wall at the subcellular level.
